One contribution of 11 to a theme issue 'Living light: optics, ecology and design principles of natural photonic structures'. The metallic coloration of insects often originates from diverse nanostructures ranging from simple thin films to complex three-dimensional photonic crystals. In Lepidoptera, structural coloration is widely present and seems to be abundant in extant species. However, even some basal moths exhibit metallic coloration. Here, we have investigated the origin of the vivid metallic colours of the wing scales of the basal moth Micropterix aureatella by spectrophotometry and scanning electron microscopy. The metallic gold-, bronze-and purple-coloured scales share a similar anatomy formed of a fused lower and upper lamina resulting in a single thin film. The optical response of this thin-film scale can be attributed to thin-film interference of the incident light, resulting in the colour variations that correlate with film thickness. Subtle variations in the wing scale thickness result in large visible colour changes that give Micropterix moths their colourful wing patterns. This simple coloration mechanism could provide a hint to understand the evolution of structural coloration in Lepidoptera.
The metallic coloration of insects often originates from diverse nanostructures ranging from simple thin films to complex three-dimensional photonic crystals. In Lepidoptera, structural coloration is widely present and seems to be abundant in extant species. However, even some basal moths exhibit metallic coloration. Here, we have investigated the origin of the vivid metallic colours of the wing scales of the basal moth Micropterix aureatella by spectrophotometry and scanning electron microscopy. The metallic gold-, bronze-and purple-coloured scales share a similar anatomy formed of a fused lower and upper lamina resulting in a single thin film. The optical response of this thin-film scale can be attributed to thin-film interference of the incident light, resulting in the colour variations that correlate with film thickness. Subtle variations in the wing scale thickness result in large visible colour changes that give Micropterix moths their colourful wing patterns. This simple coloration mechanism could provide a hint to understand the evolution of structural coloration in Lepidoptera.
Background
Colour production mechanisms in animals result from pigmentary or structural coloration, or a combination of both. Pigmentary coloration arises from organic dyes distributed throughout the tissue that selectively absorb part of the incident light and scatter non-absorbed light. For example, melanin pigments have a rather broadband absorption [1] and are responsible for the black and brown coloration of many organisms. In contrast to absorption, structural coloration is produced by structuration on the length scale of the light wavelength (i.e. approx. 100 nm), interacting with the incident light. This often interference-based interaction can lead to vivid, metallic and iridescent colours as seen in many insects, fish and birds [2] [3] [4] . Coloration in insects can serve a wide range of different functional adaptations, ranging from camouflage to signalling [5, 6] . In insects, a particularly diverse range of chitin nanostructures can be found ranging from thin films to photonic crystals [7] [8] [9] [10] [11] [12] .
Insect structural colours have only recently been linked to phylogenetic studies [13 -15] and studied through fossil records [16] [17] [18] . Unfortunately, these investigations are often limited to a specific family [13, 15] and/or by the number of species investigated. Understanding the links between different production mechanisms of structural colours would give hints concerning their biological functions [19] . In Lepidoptera, a huge diversity of ultrastructures that produce structural colours is encountered. The basal origin of lepidopteran structural colours (or its most ancestral state) is however not yet established, although first hints have been published [20] .
The genus Micropterix Hü bner 1825 is widely present in Eurasia [21] with more than 70 species that display vivid metallic coloration. The genus is part of the Micropterigidae family that is classified as basally branching within the Lepidoptera by Kristensen [22] and more recent phylogenetic studies [23] . Adult moths of this genus are diurnal, inhabit shrub vegetation and woodland and can be locally abundant on flowering vegetation.
Zhang et al. [20] have very recently reported the evidence of structural coloration in fossil Lepidoptera based on the presence of fused scales. The precise origin of the coloration of extant Micropterix is however still unexplored. Here, we investigate the ultrastructural and pigmentary basis of these colourful wing scales by measuring the optical properties of different scales [24] . Based on optical measurements and scanning electron microscopy, we demonstrate that the coloration is highly dependent on the thickness of the scale that is acting as a thin film. A model based on thin-film interference was developed and the resulting simulated reflectance confirms experimental measurements.
Material and methods

Specimen
Micropterix aureatella specimens were captured in Saicourt (Switzerland) in June 2013 and obtained from R. Bryner, Biel, Switzerland. Photographs of pinned specimens were obtained using a Canon EOS 5D camera (Canon Inc., Tokyo, Japan)
Optical characterization
Optical characterization was performed using an Axio Scope.A1 (Zeiss AG, Oberkochen, Germany) polarized light microscope and a xenon light source (Thorlabs SLS401; Thorlabs GmbH, Dachau, Germany). For spectroscopic measurements, an optical fibre (QP230-2-XSR, 230 mm core) collected the light reflected from the scales on the wing with a measurement spot size of approximately 20 mm. Several scales (more than 4 of each type) were measured for three different specimens. The reflected spectra were recorded by a spectrometer (Ocean Optics Maya2000 Pro; Ocean Optics, Dunedin, FL, USA) and a standard white diffuser was used as a white reference sample. Light microscopy images were acquired with a Point Grey (FLIR Integrated Imaging Solutions Inc., Richmond, Canada) GS3-U3-28S5C-C CCD camera. The far-field angular distribution of reflected light was accessed by introducing a Bertrand lens (Zeiss 453671) into the detection pathway of the microscope.
Absorbance measurements were performed using the same microscope in transmission mode on individual scales detached from the wing and placed on a glass slide. Scales were immersed using a refractive index fluid with a refractive index of n ¼ 1.55 (Series A; Cargille Labs, Cedar Grove, NJ, USA) and a coverslip was used to ensure a flat top interface. The reference was taken within a region close to the scale.
Scanning electron microscopy
The scale ultrastructure was imaged using a MIRA3 (TESCAN, a.s., Brno, Czech Republic) field emission scanning electron microscope. Scales were cut using surgical scissors. To prevent charging, samples were placed on carbon tape and sputtered with a 4 nm thick layer of palladium using a Cressington (Cressington Scientific Instruments, Watford, UK) 208 HR sputter coater. The average thickness of an individual scale was determined by measuring and averaging the local thickness at different positions (more than 20) between two parallel ridges.
Optical simulations
Computational simulations of the light -matter interaction of incident light with the wing scales were performed using a custom-written Matlab (Mathworks, Natick, MA, USA) code employing a matrix formalism [25, 26] . The wing structure was approximated by a thin film. We varied the thickness of the thin film between 100 and 200 nm. The refractive index of the butterfly chitin [27] is described by the Cauchy equation . In order to take into account the absorption caused by pigments present within the scale, the absorption coefficient of the melanin [28] was extracted from a refractive index-matching experiment and was fitted by the exponential function 1 ¼ 1 0 exp(-l/l m ) with 1 0 ¼ 2.74 and l m ¼ 231 nm.
Results
Optical appearance
Micropterix aureatella dorsal forewings have an overall length of around 4 mm and display vivid colours in a pattern of alternating golden and purple stripes along the length of the wings (figure 1a). The hindwings and the ventral side of the moth wings are less colourful.
We, therefore, focus on the colourful forewing. Here, coloration resides in the cover scales where locally a lattice of metallic gold-, bronze-and purple-coloured wing scales can be observed (figure 1b). Ground scales are very sparse, brownish in colour and distinguishable by a smaller shape when removed from the wing (not shown). Purplish scales constitute the major colour of the wing pattern characterized by two golden fasciae positioned at a quarter and a half of the wing length, measured from the thorax, and an irregular oval shape at three-quarters of the wing length [21] . Bronzecoloured scales are exclusively found at the boundaries of between gold-and purple-coloured areas on the wing. At the borders of the wing, hair-like bristles also exhibit metallic coloration. 
Scale reflectance
To characterize the different colours of the dorsal wing scales, we performed spectroscopic measurements using a custom-built microspectrophotometer. Figure 2a ,d,g shows reflectance spectra of three differently coloured wing scales. The measurement spots had a diameter of about 20 mm, entirely within single wing scales. Gold-coloured wing scales have a broadband reflection in the visible spectrum. A reflectance minimum is observed at approximately 370 nm. For a bronze-and a purple-coloured wing scale, the reflectance spectra are bathochromically shifted, i.e. the position of the minimum intensity of reflectance moves to longer wavelengths, to around 430 nm and 550 nm for the bronze and purple wing scales, respectively. Furthermore, the reflectance spectrum of the purple-coloured wing scale exhibits a distinct peak at approximately 420 nm. k-space imaging of light reflected from a single wing scale visualizes the angular distribution of reflected and scattered light. Under narrow-aperture incident light, the light is scattered directionally (electronic supplementary material, figure S1 ) while under an open aperture the iridescence, i.e. its angle dependency, of these wing scales becomes prominent. In figure 2c ,f,i, k-space imaging under wide-aperture illumination of a single scale shows a pattern with a radial uniformity. For all scales, a change of colour is observed in reflection between normally incident light (centre of the pattern) and light reflected after the light incident at a large angle (exterior of the pattern), indicating a strong iridescence. Figure 2 . Reflectance spectrum, light microscopy image and k-space imaging of single gold-(a,b,c), bronze-(d,e,f ) and purple-coloured (g,h,i) scales. The numerical aperture of the objective was 0.95, resulting in a maximal observed scattering angle of approximately 718. Scale bars: 20 mm.
Scale pigmentation
To determine the presence of pigments in the wing scales, a refractive index-matching experiment was performed [29] . We recorded the transmission spectrum through single wing scales immersed in a liquid of a refractive index n ¼ 1.55, close to that of cuticular chitin of butterflies [27] . If the scale was pigment-less, a refractive-index-matching experiment would render the immersed scale transparent with a transmittance close to 100%. In the absences of light scattered from the chitin-air interfaces, the measured absorption spectrum can be attributed to the pigments (or scattering) within the scales. The immersed scales appear brown in transmission (figure 3a). The absorbance A ¼ 2log 10 (T ), determined from transmittance T, is in good agreement with the absorption spectra of melanin pigments (figure 3b). In reflection, the immersed scale appears grey, indicating that reflected light is primarily caused by scattering from the melanin-containing structures within the scale (electronic supplementary material, figure S2 ). To confirm that the pigment is melanin-related, we bleached wing scales in warm H 2 O 2 . After bleaching, the absorption is significantly reduced, leading to an enhancement of the reflectance and transmittance (see electronic supplementary material, figure S4 and text).
Scale anatomy
In order to understand the origin of the coloration, we investigated wing scales of different colours by scanning electron microscopy ( figure 4) . The general scale anatomy is similar for different coloured wing scales; the abwing side consists of around 10 parallel rows of ridges spaced by 2. To 
Optical modelling
To understand the interplay of scale thickness, pigmentation and the resulting colour appearance, we calculated reflection spectra of planar thin films as a function of layer thickness in the presence of different amounts of melanin. Figure 5a shows the well-known thin-film interference, that is, the strong influence of the layer thickness on the reflected spectrum at normal incidence. The thickness of the chitin film determines the wavelength of the constructive and destructive interferences. For instance, an increase in the thickness results in a redshift of the local extrema. Melanin absorption strongly attenuates the reflectance, particularly at short wavelengths (in the UV and blue, slightly red-shifting the wavelengths of the maxima; figure 5b). Assuming an equal melanin distribution throughout the chitin film indicates from a similar absorption of all scales when normalized by the scale thickness (electronic supplementary material, figure S3 ), thicker films will be more impacted by the melanin absorption. Figure 6 compares the experimental reflectance spectra with the thin-film interference modelling of figure 5. As noted by the scanning electron micrographs (figure 4), the main anatomic change between scales of different coloration is their thickness. By using respective scale thicknesses extracted by scanning electron microscopy the simulated spectra are in good agreement with the measurements.
Discussion
Thin-film interference causes scale coloration
The wing colours of Micropterix are structural and are caused by thin-film interference from heavily pigmented thin films. Structural colours in Lepidoptera are not unusual and can originate from a wide diversity of composite nanostructures. According to Ghiradella, the basic Bauplan of a butterfly wing scale is the combination of a flat lower lamina and a complex structured upper lamina, consisting of ridges and cross-ribs [30] . The lower lamina can act as a thin-film reflector, which can be accessed by measuring and comparing the adwing and adwing reflectance spectra. Stavenga and coworkers [25, 31, 32] demonstrated that thin-film interference determines not only the coloration of the bare wings of many insects but also the coloration of the wing scales of many clades of butterflies. For example in many nymphalid butterflies [31] , a lower lamina thickness of 200 nm will result in blue coloured scales. Work by the same group showed that the lower lamina thickness is seemingly tuned rsfs.royalsocietypublishing.org Interface Focus 9: 20180044 according to the spectral absorbance of the pigment present in the wing scales as orange, blue and black scales of the papilionid P. xuthus [32] . For orange and blue scales, the lower lamina is tuned to have a reflectance peak, respectively, at orange and blue wavelengths, coinciding with the wavelength range where the pigment does not absorb. The adwing reflectance of black scales also has a peak in the blue, which is however strongly suppressed by absorption of melanin.
In Micropterix, we show that the scale architecture is a single layer (figure 4) and the resulting optical response can be well understood from a single thin-film interference model ( figures 5 and 6 ). This type of scale has been previously termed 'fused scales' (because of the fused upper and lower laminae) by Kristensen [33] . However, this type of scale architecture is rare in Lepidoptera. So far, the wing scales in the glassy, transparent patches of wings of the common bluebottle butterfly, Graphium sarpedon, is the only investigated example of coloration originating from fused scales [34] . For these so-called glass scales, the average thickness of the fused scale is 400 nm, exhibiting a reflectance peak at 500 nm and which appear green under normal incidence.
Fused scale thicknesses of Micropterix can vary from 100 nm to 170 nm, resulting in a different coloration of each single scale. In an interesting way, a small change of the scale laminar thickness of tens of nanometres results in a large colour shift (figure 5a). Thus, Micropterix takes advantage of its fused scale architecture to colour its wing pattern by simply changing the thickness of a scale. The absorption caused by melanin pigments affects more strongly short wavelengths. A variation of the absorption coefficient results in a small effective shift of the wavelength maxima and minima. Optically this explains why the thickest scales appear more purple-coloured than blue.
One might argue that the ridges, forming a grating structure, will act like a polarization dependent reflector [35] . Our results show however no polarization effects (not shown). Moreover, the spacing between the ridges, greater than 2 mm (figure 4c), is expected to have an influence only at infrared wavelengths. In all scale micrographs, the ridges are always visible, which is not the case for structures that have been reported to act as diffraction gratings [9, 13] . The cross-ribs, mostly present at the surface of the upper lamina, have a height varying between 20 and 30 nm that rsfs.royalsocietypublishing.org Interface Focus 9: 20180044 effectively modifies (and smoothes) the local thickness of the film. This local variation increases the effective fused scale thickness. As demonstrated previously [34] , a standard deviation smaller than 20 nm does not strongly affect the optical response of the thin film.
Functional and biological significance of fused scales in basal moths
Basal moths present an ideal case to study the evolution of taxonomic characters through the entire order of Lepidoptera. Already in 1970, Kristensen noted that dorsal scales of Micropterigidae are different from the other Lepidoptera with a particular fused upper and lower laminae [33] . This type of scale is largely found in other basal moths (e.g. Ecriocraniidae and Heterobathmidae; see [36] ). Simonsen classified three different types of scales in basal moths [37] . Type-1, present in Micropterigidae, has fused cover and ground scales, while hollow cover and ground scales are characteristic for type-2 scales. By contrast, type-3 scales carry a bilayer of hollow cover scales and fused ground scales. Morphological characteristics allowed Simonsen to distinguish between type-1 scales of non-coelolepidan Lepidoptera (including Micropterigidae) and type-3 scales found in Neolepidoptera. This strongly indicates an independent evolution of fused scales. The analogous scale structure found in Graphium sarpedon, a non-basal butterfly, also suggests a convergent evolution to achieve an optical function. Fused type scales are prevailing in basal moths; however, this type is not structurally primitive. The development of common wing scales with a solid thin film in the lower lamina has been described in detail and it starts in the unfused condition [30, 38] . During scale elongation, cuticle, produced by the cell extracellularly, is laid down and forms the upper and lower laminae. At the eclosion of the butterfly from the chrysalis, the cuticle dries and leads in most cases to a window or lumen between both laminae, where the lower lamina is an unstructured thin film and the upper lamina a network of crossribs and ridges. Our results potentially suggest that the presence of fused scales in basal moths is linked to the evolutionary advantage of producing a multicolour wing pattern. Figure 7 shows colourful forewing patterns of different Micropterix species across Europe. The complexity of the wing pattern varies across species, but it is always a combination of the same metallic colours described for M. aureatella [21] . Considerable pattern variations can also be observed within the same species, possibly influenced by their local habitat [39] .
By fusing upper and lower laminae, Micropterix controls the wing pattern coloration with only one dominant parameter, the scale thickness. Although it would also be achievable in hollow scales by controlling the thickness of the lower or upper lamina [40] , fused scales offer other advantages. Firstly, a single layer would minimize the amount of light diffusing through its structure. Light diffusion-related losses are also impacted by the local roughness and the relative flatness of the scales. As seen by scanning electron microscopy, fused scales are rather flat, which is not necessarily the case in hollow scales, where the distance between both laminae can be as large as several micrometres [38] . Furthermore, fused scales will optimize the weight of the scale, which is beneficial for their flying ability [41, 42] . At this early stage in butterfly evolution, fused scales are an efficient way of producing structural colours. Owing to its simple thin-film morphology, the thickness of a single scale rsfs.royalsocietypublishing.org Interface Focus 9: 20180044 will determine its coloration. Thus, Micropterix produces a colourful wing pattern by simply varying the scale thickness. The biological significance of the pattern still has yet to be investigated [43, 44] .
Through fossil evidence, the earliest presence of Lepidoptera is attributed to the latest Triassic period [45] , ca 200 million years ago (Ma). Inspection of fossilised scales by scanning electron microscopy highlights the presence of both fused and hollow scales. Fused scales indicate that coloration in the earliest Lepidoptera can be structural, as already hypothesized by Zhang and co-workers [20] . The authors have recently investigated wing scales of fossilized specimens [20] , though an in-depth optical characterization as presented here was not presented. Jurassic lepidopteran fossils and a specimen of the early Cretaceous period (approx. 99 Ma) caught in amber [46] show well-preserved scales. Zhang and co-workers claim that the scale ultrastructure, composed of parallel ridges, crossribs and herringbones, diffracts light, dominating the optical properties of the scale. The importance of the scale thickness that dominates the scale structural coloration is however underestimated, since this information is not accessible for most fossils. Nevertheless, amber fossils make it easier to access the scale thickness. If the preservation conditions are ideal, it is possible to retrieve the original coloration by measuring the scale thickness in order to compare these results with the results presented here. Investigation of further fossilized specimens [47 -49] could reveal the presence of different scale coloration mechanisms, allow the reconstruction of the original wing pattern of these insects, and eventually provide insights into the evolution of the diversity of wing patterns observed in colourful moths and butterflies nowadays.
Conclusion
In conclusion, the coloration mechanism of Micropterigidae is a combination of thin-film interference and optical absorption by melanin pigments. Fused lower and upper laminae have a well-defined thickness that strongly influences its optical response. The coloration of the wing pattern is locally controlled by the thickness of the scales, resulting in metallic gold-, bronze-and purple-coloured scales. Structural coloration based on one of the most basic structural optics phenomena-thin-film interference-points towards an early process behind the evolution of structural colours in Lepidoptera. Expanding the investigation into Lepidoptera, including the examination of fossil records, is essential to understand the evolution of the colour formation in Lepidoptera. 
